mice did not show any significant metabolic defects. There was no impairment in the mTOR/Akt or AMPK signaling in white adipose tissue, liver, or muscle. However, despite having normal food intake and activity levels, PML Ϫ/Ϫ mice gained body weight faster and had more fat mass, particularly subcutaneous fat mass, in the diet-induced obesity model. Using in vitro adipogenesis models, we discovered that PML is a suppressor of adipogenesis. PML expression decreased during adipogenesis and was undetectable in fully differentiated adipocytes. Loss of PML increased expression of the adipogenic transcription factors CCAAT/enhancer binding protein-␣ and peroxisome proliferator-activated receptor-␥. We found that the Sirt1-NCor-SMRT corepressor complex, which represses pparg transcription, does not bind to the pparg promoter efficiently upon PML depletion. On the basis of these findings, we propose that PML is a negative regulator of the adipogenic transcription factors and that, in times of energy excess, PML may limit fat accumulation by suppressing the differentiation of preadipocytes into adipocytes. adipogenesis THE PROMYELOCYTIC LEUKEMIA (pml) gene, which is translocated in most acute promyelocytic leukemias, encodes a tumor suppressor protein (59) . The loss of PML is associated with the pathogenesis of a variety of hematopoietic malignancies and solid tumors. PML suppresses proliferation and promotes apoptosis and senescence. PML is localized to nuclear foci termed PML nuclear bodies (NB). It is also found diffusely throughout the nucleus and in the cytoplasm. Despite the fact that a variety of biological functions have been connected to PML, PML-deficient mice exhibit only subtle defects and develop normally (71, 72) .
Recent studies reported that PML may exert its tumorsuppressive role, at least in part, by suppressing mTOR and nuclear Akt activities (7, 30, 64) . These studies suggested that PML colocalizes with mammalian target of rapamycin (mTOR) and Akt at PML NBs, inhibiting mTOR and nuclear phospho-Akt function in some conditions. Under hypoxic condition, PML represses mTOR through sequestration of mTOR into PML NBs, inhibiting the interaction of mTOR with its negative regulator Rheb (Ras homolog enriched in brain; a small GTPase) (7) . In mouse cancer models, PML inactivates Akt by recruiting nuclear phospho-Akt together with its cognate phosphatase PP2aC into PML NBs (64) .
Although the mTOR/Akt signaling network is critically important for oncogenesis, it also plays a key role in obesity and insulin resistance (41, 68) . mTOR exists in two complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). Growth factors and hormones such as insulin regulate mTORC1 through the insulin receptor substrate/phosphatidylinositol 3-kinase/Akt pathway (60) . Activated Akt transduces signals to mTORC1 through tuberous sclerosis protein (TSC) 2 of the tumor suppressor TSC1/TSC2 complex by modulating Rheb (29) . The activated GTP-bound Rheb then enables mTORC1 signaling to its downstream effectors such as S6K1 (S6 kinase 1) and 4E-BPs (eukaryotic initiation factor 4E-binding proteins), enhancing mRNA translation. Nutrients activate S6K1 and 4E-BP1 via mTORC1. mTORC1 and its effectors S6K1 and 4E-BP1/2 act as critical mediators for the development of obesity and insulin resistance (15, 41, 68) . S6K1 Ϫ/Ϫ mice are resistant to age-and diet-induced obesity and insulin resistance, have reduced adipose tissue mass, and have increased energy expenditure and lipolysis (12, 25, 66, 68) . Mice lacking 4E-BP1 and 4E-BP2 have exhibited elevated sensitivity to diet-induced obesity and insulin resistance (41) . Insulin and mTOR/Akt signaling have also been shown to be involved in the control of adipogenesis (20, 36, 41, 54, 77, 79) .
The proposed connection of PML to mTOR and Akt in tumorigenesis raises a question of whether PML deficiency would cause metabolic defects in vivo. Here, we tested the metabolic functions of PML by characterizing the metabolic phenotypes of PML Ϫ/Ϫ mice. We found that the mTOR and Akt signaling was not affected in the white adipose tissue (WAT), liver, or muscle in PML Ϫ/Ϫ mice. Although PML deficiency did not lead to any significant metabolic deregulation, it did result in accelerated fat accumulation on high-fat diet (HFD) but not on breeder diet (BD). Fat accumulation in the subcutaneous fat depot was substantially greater than that in epididymal fat. The increased adiposity in vivo was associ-ated with increased adipogenesis in the PML-depleted cells in vitro. PML depletion inhibited sirtuin 1 (Sirt1)/nuclear corepressor (NCoR)/silencing mediator for retinoic and thyroid hormone receptor (SMRT) recruitment to the ppar␥ promoter, which likely contributes in part to the transcriptional repression of peroxisome proliferator-activated receptor-␥ (PPAR␥) and to the subsequent adipogenesis. Therefore, we have uncovered a novel role of PML in adipogenesis regulation.
MATERIALS AND METHODS
Mice and metabolic studies. Animal care was in accordance with institutional guidelines, and all experiments were approved by the National Heart, Lung, and Blood Institute Animal Care and Use Committee. Wild-type C57BL/6J mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Mice were housed with a 12:12-h light-dark cycle; 129Sv PML Ϫ/Ϫ mice (72) were crossed to C57BL/6J for at least six generations before the study. PML ϩ/ϩ littermates from these matings were used as a wild-type control. PML ϩ/ϩ and PML Ϫ/Ϫ male and female mice were fed either BD or HFD beginning at weaning (4 wk) for indicated times. For some experiments, HFD feeding continued Յ40 mo. The HFD consisted of 45% calories from fat, 35% from carbohydrate, and 20% from protein (D12451, 4.73 kcal/gm; Research Diets, New Brunswick, NJ). The BD (National Institutes of Health standard facility diet) consisted of 21% calories from fat, 55% from carbohydrate, and 24% from protein (LabDiets, Richmond, IN). Metabolic measurements such as body weight, fat mass, blood glucose, insulin level, glucose tolerance test, insulin tolerance test, locomoter activity, indirect calorimetry, mitochondrial DNA quantitation, and serum analysis were performed as described in our previous studies (67, 76) . Food consumption was measured by subtracting the amount of food left on the grid and the amount of spilled food from the initial weight of food supplied. Food intake was measured over 14 days. Circulating free fatty acid level was measured using kits from Wako chemicals (Richmond, VA). Because both male and female mice showed similar trends in metabolic studies, data obtained from male or female mice were presented interchangeably in this study.
Body fat index calculation. Fat mass was first measured by nuclear magnetic resonance spectroscopy using Minispec (Bruker Biospin, Houston, TX). Body fat index was calculated by dividing the fat mass by total body weight.
RNA isolation and RT-PCR. Total cellular RNA was prepared using TRIzol (Invitrogen) according to the manufacturer's instructions. Ten micrograms of total RNA was used for making cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA). Real-time PCR was performed using a 7900HT sequence detection system (Applied Biosystems). All of the RT-PCR reagents and primers were purchased from Applied Biosystems. Mouse ribosome 18S rRNA was used as an internal control.
Cell culture and lentiviral infection. 3T3-L1 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% bovine serum and antibiotics. For PML shRNA expression, packaged lentivirus was produced from 293T cells (69) . 3T3-L1 cells were infected with the control or mouse PML shRNA lentivirus (catalog no. TRCN0000040483, sequence: CCGGGCCCAGCATATCTACTCCT-TTCTCGAGAAAGGAGTAGATATGCTGGGCTTTTTG; Sigma, St. Louis, MO) for 24 h. Cells were then selected with puromycin (2 g/ml) for 2 wk and induced for adipogenesis. PML knockdown efficiency was confirmed by Western blotting with anti-(mouse) PML antibody (Supplemental Fig. S3C ; Supplemental Material for this article is available online at the AJP-Endocrinology and Metabolism web site). PML shRNA cells or PML sh indicated in the figure legends and text refer to the 3T3-L1 cells infected with PML shRNA lentivirus. Control shRNA cells or control sh refer to 3T3-L1 cells infected with control shRNA lentivirus. Primary mouse embroyonic fibroblasts (MEFs) were isolated at day 12.5 postcoitum from PML ϩ/ϩ and PML Ϫ/Ϫ mice. Each embryo was sheared with an 18-gauge needle and cultured in DMEM with 15% FBS for three passages. Primary littermate PML ϩ/ϩ and PML Ϫ/Ϫ MEFs were used in this study. Adipocyte differentiation. 3T3-L1 preadipocytes or MEFs were grown in DMEM containing 10% fetal calf serum until they were confluent and then maintained in the same medium for an additional 2 days. To induce differentiation, 2 days after confluence (day 0) cells were treated with fresh DMEM containing 10% fetal calf serum, 0.5 mM isobutylmethylxanthine, and 1 M dexamethasone for 2 days. The media were then removed and cells incubated with DMEM containing 10% fetal calf serum and 10 g/ml insulin for 2 days. After that, the media were removed and cells maintained with DMEM containing 10% fetal calf serum. Cells were refed every 2 days with DMEM containing 10% fetal calf serum.
Oil Red O staining. 3T3-L1 cells or MEFs were induced with adipogenesis for indicated times. Cells were rinsed with PBS and fixed with 10% formalin in PBS for 15 min. After two washes in PBS, cells were stained for 1 h in Oil Red O solution (0.55% in isopropyl alcohol solution-distilled water, 60:40). The stain was then removed, and cells were washed with water, and an optical density of 564 nm was measured.
Confocal microscopy. Confocal microscopy was performed as described (75) Coimmunoprecipitation assay. Coimmunoprecipitation assays were performed as described previously (75) .
Adipose tissue sample preparation and lipolysis assay. Epididymal adipose tissue was excised from indicated animals. Adipose samples were minced in DMEM containing 2% fatty acid-free bovine serum albumin (Sigma). Aliquots of minced adipose samples were transferred to 12-well plates and incubated with isoproterenol (10 M) for 2 h. Free fatty acid (FFA) levels present in the medium were measured by using commercial kits (Wako Chemicals) and normalized for protein content.
Chromatin immunoprecipitation assay. Chromatin immunoprecipitation (ChIP) assays were carried out as described (33) using control shRNA or PML shRNA 3T3-L1 cells. Cells were selected with puromycin for 2 wk and induced adipogenesis. Cells at various stages of differentiation were treated with 1% formaldehyde for 10 min at room temperature, rinsed with PBS, and lysed in buffer containing 1% SDS, 10 mM EDTA, 50 mM Tris·HCl (pH 8.1), and protease inhibitors. Samples were centrifuged at 11,500 rpm for 5 min to remove non-cross-linked protein with chromatin, and the resulting pellets were resuspended in 1 ml of the same lysis buffer and sonicated with sonicator for 2 min. Chromatin solution was precleared with protein A/G beads for 2-4 h. DNA-protein complexes were then immunoprecipitated with anti-Sirt1, anti-PPAR␥, anti-NCoR, or anti-SMRT antibodies for 4 h and then collected with protein A-agarose for 3 h. The beads were washed, and chromatin complexes were eluted from the beads. After heating at 66°C for 8 h to release cross-linked DNA, the samples were digested with proteinase K, and the DNA was purified with QIAquick PCR Kit (Qiagen, Valencia, CA). The samples were subjected to PCR. The following primers were used: ppar␥ promoter, Ϫ297 5=-CAGATTTGTGGCT-CACTTCGTG-3=(forward) and ϩ8 5=-GACTTCGGCAGCTGCT-CACACC-3=(reverse); aP2 promoter, Ϫ5,436 5=-CACTATGT-TAGCCAGGATGGTCTC-3= (forward) and Ϫ5,234 5=-CTCTTC-CTCCTGATAGCTCCATGA-3=(reverse). These promoter regions contain PPAR␥ binding site. Twenty percent of the ChIP DNA was subjected to PCR amplification using Hotstar Taq polymerase (Qiagen).
Bromodeoxyuridine incorporation. Cells were grown on coverslips until 2 days postconfluence and induced to differentiation. Because insulin has been shown to be important for induction of clonal expansion, cell number counts, and bromodeoxyuridine (BrdU) incorporation in Supplemental Fig. S3 , E and F, cells were differentiated as described by Qiu et al. (56) , except that 10 g/ml insulin was used. Briefly, 2 days after confluence, cells were treated with DMEM-10% fetal calf serum-isobutylmethylxanthine-dexamethasone-10 g/ml insulin. After 48 h, the culture medium was replaced with DMEM with 10% fetal calf serum and 10 g/ml insulin, and the cells were then fed every other day with DMEM containing 10% fetal calf serum. For BrdU incorporation, BrdU (10 M) was pulsed to the cells from the 16th to the 18th hour after the adipogenic induction. Cells were changed to normal medium. On day 3, coverslips were washed with PBS and fixed with ethanol [50 mM glycine-HCl (pH 2.0) in 70% ethanol] for 1 h, blocked with 2% bovine serum albumin in PBS, and incubated with anti-BrdU antibody for 1 h. After washing, fluorescein isothiocyanate-conjugated secondary antibody containing 0.1 g/ml 4,6-diamidino-2-phenylindole was added to the coverslips for 1 h at room temperature, and a percentage of labeled cells was measured under the immunofluorescence microscope.
Luciferase assay. The murine ppar␥ promoter was cloned by PCR from genomic DNA using oligonucleotide primers based on the published sequence (5) with an additional 5= Kpn1 site and 3= Xho1 site for subcloning purposes: Ϫ609/Ϫ588, 5=-CGGGGTAC-CGAATTTGGATAGCAGTAACATT-3=; ϩ52/ϩ31, 5=-CCGCTC-GAGCAGAGATTTGCTGTAATTCACA-3=. The PCR fragments were cloned into pGL3-basic vector (Promega, Madison, WI). pGL3-ppar␥ luciferase construct was transfected into 293T cells along with expression vectors for PPAR␥ or human PML4 plus Renilla luciferase plasmid using Lipofectamine 2000 (Invitrogen). After 48 h, cells were harvested and lysed in the lysis buffer. Luciferase activity was measured using the Dual Luciferase assay kit (Promega). Experiments were performed in triplicate and repeated three times.
Statistics. Comparisons between the treatment groups were analyzed by unpaired Student's t-test. Results are expressed as means Ϯ SE. Comparisons involving repeated measurements were analyzed by repeated-measures ANOVA followed by Bonferroni posttest. P Ͻ 0.05 was considered as statistically significant.
RESULTS

Loss of PML results in fat accumulation after HFD in mice.
To understand the role of PML in metabolism, we fed PML ϩ/ϩ and PML Ϫ/Ϫ mice either our standard facility diet (BD; 21% calories by fat) or HFD (45% calories by fat) starting at age 4 wk. We first compared weight gains of the BD-fed PML ϩ/ϩ and PML Ϫ/Ϫ mice in both sexes. On BD, the growth curves of PML ϩ/ϩ and PML Ϫ/Ϫ mice were identical (Supplemental Fig.  S1A ). However, on the HFD both female (Fig. 1A, left mice gained 32 g, whereas PML ϩ/ϩ mice gained 21.9 g. In both sexes of HFD-fed PML Ϫ/Ϫ mice, the increased body weight was associated with increased fat accumulation (Fig. 1,  A and B, right, and Supplemental Fig. S1B ). The lean body mass of HFD-fed PML ϩ/ϩ and PML Ϫ/Ϫ mice was similar in both sexes (not shown). The body fat index (total fat mass corrected for body weight) was significantly higher in PML Ϫ/Ϫ mice on the HFD in both sexes, starting from 6 wk in females and 8 wk in males.
Fat depots can be divided roughly into two compartments, subcutaneous and visceral. By examining the histological sections of the skin (subcutaneous; Fig. 1D ), as well as by measuring the mass of epididymal fat (visceral; Fig. 1C ) using HFD-fed PML ϩ/ϩ and PML Ϫ/Ϫ mice (HFD for 16 wk), we compared the accumulation of fat in the two depots. The weight of subcutaneous fat was estimated roughly by subtracting the sum of epididymal and retroperitoneal fat from the total body fat, as shown by other studies (74) . PML Ϫ/Ϫ mice gained 9.2 g in subcutaneous fat and 2.04 g in epididymal fat over 16 wk on HFD. PML ϩ/ϩ gained 4.3 g in subcutaneous fat and 1.43 g in epididymal fat. In Fig. 1C , when normalized for body weight, subcutaneous fat and epididymal fat were increased 74 and 17%, respectively, in HFD-fed PML Ϫ/Ϫ mice (HFD for 16 wk) compared with PML ϩ/ϩ mice (Fig. 1C) . The subcutaneous/epididymal fat weight ratio was 50% higher in PML Ϫ/Ϫ mice (the ratios in PML ϩ/ϩ and PML Ϫ/Ϫ mice were 3.01 and 4.51, respectively), indicating a redistribution of adipose depots in the HFD-fed PML Ϫ/Ϫ mice (Fig. 1C) . Consistent with these results, histological examination of the skin sections revealed substantial increases in subcutaneous fat mass in PML Ϫ/Ϫ mice (Fig. 1D ). Increased fat mass may be a result of increased fat cell number, fat cell size, or both. Analyses of the fat cell size demonstrated that there was no difference in fat cell size in PML Ϫ/Ϫ mice (Fig. 1E) , suggesting that PML Ϫ/Ϫ mice have increased fat mass largely as a result of increased fat cell number. Obesity is frequently associated with lipid accumulation in the liver, leading to nonalcoholic fatty liver disease (6, 49) . To examine whether increased fat accumulation in PML Ϫ/Ϫ mice is leading to increased lipid accumulation in the liver, we measured the mass and triglyceride content in the liver of HFD-fed PML ϩ/ϩ and PML Ϫ/Ϫ mice (HFD for 16 wk). The liver mass was 1.42 g for PML ϩ/ϩ and 1.41 g for PML Ϫ/Ϫ , and the liver triglyceride content was 14.4 mg/g tissue in both PML ϩ/ϩ and PML Ϫ/Ϫ mice. Consistent with these results, hematoxylin and eosin staining of the liver sections showed that PML ϩ/ϩ and PML Ϫ/Ϫ mice had similar levels of lipid droplets (Supplemental Fig. S1C ). Fatty liver disease is frequently associated with inflammation. Since there was no hepatic steatosis in PML Ϫ/Ϫ mice, we expected to find no difference in inflammatory markers. Indeed, the mRNA levels of macrophage markers F4/80, TNF␣, and monocyte chemoattractant protein-1 were not increased in PML Ϫ/Ϫ liver (data not shown). These findings indicate that although PML Ϫ/Ϫ mice accumulated more fat, it was stored mostly in the subcutaneous depot, sparing visceral organs such as the liver.
Loss of PML increases fat accumulation without causing metabolic dysregulation. To understand why PML
Ϫ/Ϫ mice accumulated more fat on the HFD, we measured their food intake for 3 days after 4 and 12 wk on the HFD (not shown) or for 14 days after 4 and 16 wk on the HFD in female PML ϩ/ϩ and PML Ϫ/Ϫ mice (Fig. 1F ). As shown in Fig. 1F , PML Ϫ/Ϫ mice consumed a similar amount of food as PML ϩ/ϩ mice. Food intake measured for 3 days also did not show any significant difference (not shown). The physical activity levels as measured by beam breaks were slightly decreased in female . For fat cell size histogram, digital images of H & E-stained adipose tissue slides were analyzed using image scope software (Aperio). Three different individual mice/genotype were used. F: food intake per mouse per day measured over 14 days (n ϭ 5-6/genotype). Female HFD-fed PML ϩ/ϩ and PML Ϫ/Ϫ mice were used (HFD for 4 and 16 wk). G: locomoter activity as measured by beam breaks/24 h using female HFD-fed PML ϩ/ϩ and PML Ϫ/Ϫ mice (HFD for 16 wk; n ϭ 8/genotype). X total indicates X total laser beam interruptions. H: glucose (GTT) and insulin tolerance tests (ITT) of female HFD-fed PML ϩ/ϩ and PML Ϫ/Ϫ mice (HFD for 16 -18 wk). For GTT, mice were fasted for 16 h, and 1 mg/g glucose was injected intraperitoneally. Blood glucose was measured at indicated times after injection. For the ITT, mice were fasted for 4 h before intraperitoneal injection with 0.4 U/kg of human insulin (Sigma) (n ϭ 8 -12/genotype). I: blood insulin (left) and glucose levels (right) in female HFD-fed PML ϩ/ϩ and PML Ϫ/Ϫ mice (HFD for 16 -18 wk; n ϭ 8 -12 of each group). Mice were either fed ad libitum or fasted (16 h). J: blood insulin (left) and glucose levels (right) in male HFD-fed PML ϩ/ϩ and PML Ϫ/Ϫ mice (HFD for 40 wk; n ϭ 8 -10 of each group). Mice were either fed ad libitum or fasted (16 h). Weeks indicate weeks on HFD. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001.
PML
Ϫ/Ϫ mice, although the difference was not statistically significant (P ϭ 0.22; Fig. 1G ). The metabolic rates of PML ϩ/ϩ and PML Ϫ/Ϫ mice, as measured by indirect calorimetry, were nearly identical when normalized to the body weight (Supplemental Fig. S1D, left) . When oxygen uptake (V O 2 ) was normalized to lean body mass, PML Ϫ/Ϫ mice actually had higher, not lower, V O 2 than PML ϩ/ϩ mice, a conclusion that does not correlate with the fat mass gain in PML Ϫ/Ϫ mice (Supplemental Fig. S1D, right) . In the DISCUSSION, we have provided our reasoning as to why indirect calorimetry data would not provide precise assessment in energy expenditure in the case of PML ϩ/ϩ and PML Ϫ/Ϫ mice. PML ϩ/ϩ and PML Ϫ/Ϫ mice had similar body temperatures in both fed and fasted conditions (Supplemental Fig. S1E ) and similar mitochondrial content in the major thermogenic tissues, i.e., skeletal muscle and brown adipose tissue (BAT) (Supplemental Fig. S1F ). Consistent with this, mRNA expressions of the genes that are important for mitochondrial biogenesis and function, such as PPAR␥ coactivator-1␣ (PGC-1␣), PGC-1␤, medium-chain acyl-CoA dehydrogenase, estrogen-related receptor-␣, carnitine palmitoyltransferase-1b, uncoupling protein (UCP) 1, UCP2, and UCP3, were also similar in WAT, BAT, or liver from HFD-fed PML ϩ/ϩ and PML Ϫ/Ϫ mice (not shown).
Increased adiposity is usually associated with decreased glucose tolerance and insulin sensitivity. To investigate whether this is also the case with PML Ϫ/Ϫ mice, we performed glucose tolerance test and insulin tolerance test after 16 -18 wk on HFD in PML ϩ/ϩ and PML Ϫ/Ϫ mice. Surprisingly, we found that PML Ϫ/Ϫ mice, despite having more fat accumulation, had similar glucose tolerance and insulin sensitivity as PML ϩ/ϩ mice (Fig. 1H) . Consistent with this, the levels of insulin and blood glucose in both the fed and fasted states were very similar between PML ϩ/ϩ and PML Ϫ/Ϫ mice (Fig. 1I) . We then extended the HFD feeding to 40 wk to increase fat accumulation. After 40 wk on HFD, male PML Ϫ/Ϫ mice gained 40.9 g of body weight and 16.2 g of fat, whereas male PML ϩ/ϩ mice had gained 29.8 g of body weight and 9.1 g of fat. Even after 40 wk of HFD, the levels of serum insulin and glucose in fed (P ϭ 0.9) and fasted (P ϭ 0.8) conditions were similar (Fig. 1J ). Circulating triglyceride, cholesterol, and FFA levels were also similar in PML ϩ/ϩ and PML Ϫ/Ϫ mice at all time points tested (not shown).
Taken together, these findings indicate that the increased fat mass in PML Ϫ/Ϫ mice did not lead to the metabolic problems normally associated with obesity.
PML depletion does not affect Akt, mTOR/S6K1, or AMPK activities in WAT, liver, or muscle. PML is thought to be involved in the regulation of Akt/mTOR under some conditions. To investigate whether PML regulates the Akt-mTOR pathway in metabolically relevant tissues in vivo, we visualized phosphorylation of Akt, S6K1, S6, or 4E-BP1 in WAT, liver (for HFD; Fig. 2A ), and muscle (not shown) after insulin treatment. We found that they were not altered significantly in either BD-fed (not shown) or HFD-fed PML Ϫ/Ϫ mice ( Fig. 2A ) or in primary PML ϩ/ϩ and PML Ϫ/Ϫ MEFs (Fig. 2B) . The fuel-sensing kinase AMPK is activated by ATP-depleting conditions such as nutrient deprivation or pathological stresses (31) . AMPK increases ATP production by inhibiting energy-consuming anabolic pathways such as mTOR (29, 37) and is involved in metabolic control (4, 45) . Activation of AMPK has been shown to reduce fat accumulation and increase glucose tolerance, insulin sensitivity, mitochondrial biogenesis, and physical endurance. We investigated whether accelerated fat accumulation in PML Ϫ/Ϫ mice may be a result of altered AMPK activity. In Fig. 2C , the levels of phospho (Thr 172 )-AMPK, the active form of AMPK, in WAT, liver, and muscle were similar in both the PML ϩ/ϩ and PML Ϫ/Ϫ mice after HFD or BD (Fig. 2C for HFD, BD not shown) . AMPK activation (Supplemental Fig. S2A ) as well as the decrease in blood glucose level (Supplemental Fig. S2B ) induced by AMPK activator metformin were similar between PML ϩ/ϩ and PML Ϫ/Ϫ mice. PML Ϫ/Ϫ MEFs also showed no defect in AMPK signaling after metformin treatment compared with the PML ϩ/ϩ MEFs (Fig. 2D) . Taken together, these results suggest that PML Ϫ/Ϫ mice and MEFs, at least in C57BL/6J background, have normal Akt, mTOR, and AMPK signaling.
Fat mass gain in PML Ϫ/Ϫ mice is associated with enhanced adipogenesis in PML-depleted cells. Adipogenesis, differentiation of immature preadipocytes into mature fat-accumulating adipocytes, requires the sequential expressions of transcription factors, including the C/EBP family proteins and PPAR␥. PPAR␥ is a transcription factor from the nuclear receptor superfamily, and the expression of PPAR␥ is both necessary and sufficient for adipogenesis (57) . The induction of adipogenesis in vitro involves transitions in cell cycle regulation from confluence arrest to mitotic clonal expansion and then terminal cell cycle exit. During clonal expansion, growtharrested preadipocytes reenter the cell cycle and undergo one or two rounds of cell division (52) . The gene expression program leading to terminal adipocyte differentiation is initiated during and after the mitotic clonal expansion period. Among the transcription factors, C/EBP␤ and C/EBP␦ are expressed during the early phases of differentiation (39, 43) and are required for the subsequent expression of C/EBP␣ and PPAR␥ that is central to adipogenic differentiation in the later phases. PPAR␥ and C/EBP␣ cross-regulate expressions of each other (58) .
Despite the normal food intake and only a slightly decreased physical activity in PML Ϫ/Ϫ mice, the data shown in Fig. 1 suggested the possibility that the accelerated fat accumulation in HFD-fed PML Ϫ/Ϫ mice may be due to a cell-autonomous defect in regulation of adipogenesis. To test this possibility, we first examined PML expression levels in WAT, skeletal muscle, and liver using an anti-(mouse) PML antibody that is highly specific for PML (Supplemental Fig. S3A ). Although PML is considered to be a ubiquitously expressed protein, we found that the PML expression in WAT is very low compared with that in skeletal muscle and liver (Fig. 3A) .
We then monitored the PML expression level during the differentiation of 3T3-L1 cells into adipocytes. PML expression, as measured by Western blotting and RT-PCR analyses, was highest in growing (not shown) and confluent 3T3-L1 cells but decreased after adipogenic induction (Fig. 3B) . The PML level declined progressively to very low levels by days 5 and 6. In contrast, PPAR␥ and C/EBP␣ expressions increased progressively, as shown by RT-PCR analyses. PML level also decreased during the differentiation of MEFs into adipocytes (Fig. 3F) . Consistent with these results, confocal microscopy showed that PML NBs are strongly visible in undifferentiated 3T3-L1 cells cultured without adipogenic stimuli (Ϫadipo; Fig.  3C , bottom) but are nearly undetectable in fully differentiated adipocytes with intense Oil Red O staining in the cytoplasm (ϩadipo; Fig. 3C , top, and Supplemental Fig. S3B) .
Accelerated fat accumulation in PML Ϫ/Ϫ mice on the HFD in conjunction with the disappearance of PML during adipogenesis suggested to us that PML may play a role in adipogenesis. To test this hypothesis, we used shRNA to knock down PML in 3T3-L1 preadipocytes (the efficacy of PML knockdown at the protein level was assessed by Western blotting analysis; Supplemental Fig. S3C ). As shown in Fig.  3D , PML shRNA more than doubled the accumulation of lipid droplets in differentiated adipocytes. We also induced adipogenesis in PML ϩ/ϩ and PML Ϫ/Ϫ MEFs and measured lipid accumulation. We found that PML Ϫ/Ϫ MEFs also accumulated more than twice as many lipids as PML ϩ/ϩ MEFs after adipogenesis (Fig. 3E and Supplemental Fig. S3D) .
Genes that regulate cell cycle are activated or inactivated during the clonal expansion phase (47, 61) . The levels of the key cell cycle inhibitors, the cyclin-dependent kinase inhibitors p21 and p27, decline during mitotic clonal expansion. It is well known that PML is required for the retinoic acid-dependent transactivation of the p21 gene (71) . PML is also known to modulate p21 through a tumor suppressor, p53, for apoptosis and cell senescence (23, 53, 59 ). PML overexpression in cultured cells results in growth inhibition (42) , and PML
Ϫ/Ϫ
MEFs proliferate faster than the wild-type MEFs (71, 72) . Since PML is related to the cell cycle regulation, we asked whether loss of PML enhanced adipogenesis by inducing clonal expansion rather than regulating the subsequent differentiation phase. Figure S3 , E and F, shows that PML depletion did not affect the increase in cell number or DNA replication during adipogenesis, indicating that PML depletion most likely affected adipogenesis not by affecting cell division but by enhancing terminal differentiation.
Since adipogenesis requires the induction of the expression of several critical transcription factors, we investigated whether PML regulates their expression. In PML shRNA 3T3-L1 cells and in PML Ϫ/Ϫ MEFs, the expression levels of the early regulators C/EBP␤ and C/EBP␦ were not changed, but the expression levels of PPAR␥ and C/EBP␣, which is in part activated by PPAR␥, were elevated (Fig. 3, F and G) . In RT-PCR analyses (not shown), the mRNA levels of C/EBP␤ and C/EBP␦ in control siRNA and PML siRNA 3T3-L1 cells were similar at any time points tested (6, 12, 24, 48 , and 72 h after adipogenic induction). In both control siRNA and PML siRNA 3T3-L1 cells, the transcription levels of C/EBP␤ and C/EBP␦ were transiently upregulated 2.8-and 3.2-fold, respectively, relative to the levels on day 0 adipogenic induction, and declined afterward. PPAR␥ also induces expression of target genes that play important roles in lipogenesis such as the fatty acid-binding protein aP2, a marker of differentiated adipocytes, and fatty acid synthase (FAS) (22) . Fas and aP2 levels were increased in PML shRNA 3T3-L1 cells (Fig. 3, G and H) .
To confirm the increased expression of PPAR␥ in vivo upon PML loss, we measured mRNA levels of PPAR␥, C/EBP␣, and Sirt1 in subcutaneous fat obtained from HFD-fed PML ϩ/ϩ and PML Ϫ/Ϫ mice (Fig. 3I) . We found that PML Ϫ/Ϫ fat expressed significantly higher levels of PPAR␥ mRNA but slightly increased levels of C/EBP␣ mRNA and similar levels of Sirt1 mRNA.
Increased lipid accumulation with the loss of PML may be a consequence of decreased lipolysis. Food deprivation promotes lipolysis in WAT, releasing FFA into the blood. Although the level of PML expression is very low in WAT, as shown in Fig.  3A , it is possible that PML is induced in WAT by fasting or caloric restriction, thereby playing a role in lipolysis. As shown in Fig. 3J , fasting did not induce PML expression in WAT. Furthermore, the increase in circulating FFA levels induced by fasting was similar in PML ϩ/ϩ and PML Ϫ/Ϫ mice (Fig. 3K ). Catecholamine-induced lipolysis can reduce fat mass (38) . To examine the role of PML in catecholamine-induced lipolysis, we treated PML ϩ/ϩ and PML Ϫ/Ϫ (male BD-fed) mice with a ␤-adrenergic agonist, isoproterenol (ISO; 10 mg/kg for 6 h), and measured circulating FFA levels (70) . The ISOstimulated increase in circulating FFA levels was also similar between PML ϩ/ϩ and PML Ϫ/Ϫ mice (not shown). We also analyzed the ISO-stimulated FFA release in the culture medium using the epididymal adipose tissue samples obtained from HFD-fed PML ϩ/ϩ and PML Ϫ/Ϫ mice. As shown in Fig.  3L , both the basal and ISO-stimulated release of FFA from PML Ϫ/Ϫ WAT were similar to those from PML ϩ/ϩ WAT. These results suggested that PML is not involved in the regulation of lipolysis, making it unlikely that the increased fat accumulation in PML Ϫ/Ϫ mice is a result of decreased lipolysis. PML promotes Sirt1-PPAR␥ interaction and Sirt1-NCoR-SMRT recruitment to the ppar␥ promoter during adipogenesis in 3T3-L1 cells.
The results shown above indicate that PML may suppress adipogenesis by inhibiting the transcription of PPAR␥ and the genes that are regulated by PPAR␥. To test this possibility, we cotransfected a pparg reporter construct and an expression vector for PPAR␥, which regulates its own promoter (62) , with increasing amounts of PML expression vector. As shown in Fig. 4A , PML repressed PPAR␥-mediated transactivation of the ppar␥ promoter in a dose-dependent manner. PML does not bind DNA directly (1, 18) , but it can regulate transcription by interacting with transcriptional coactivators and corepressors in the PML NBs (3, 73) . For example, PML interacts directly with transcriptional coactivator CBP/p300 and is required for the ability of CBP to act as a transcriptional coactivator of the retinoic acid receptor (80) . PML also interacts with multiple corepressors such as NCoR-SMRT and both class I and class II histone deacetylases to repress transcription (35, 65, 73) .
PPAR␥ represses transcription via the corepressors NCoR-SMRT and activates transcription by recruitment of coactivators (14, 26, 28) . The NAD-dependent histone deacetylase Sirt1 represses PPAR␥ and its target genes and inhibits lipid accumulation in adipocytes by forming the Sirt1-NCoR-SMRT complex at the PPAR␥-binding sites (55, 63) . Sirt1 has also been reported to interact with PML when PML is overexpressed (40) . Sirt1 has a diffuse nuclear localization pattern but is recruited to the PML NBs upon overexpression of PML, where Sirt1 is thought to stabilize PML, promoting its sumoylation (11, 40) .
To understand the possible role of PML in the formation of the Sirt1-NCoR-SMRT-PPAR␥ complex, we first examined how PML affects the Sirt1-PPAR␥ interaction (55) during the course of adipogenesis in 3T3-L1 cells. The Sirt1-PPAR␥ interaction was highest on day 2 after adipogenic induction and decreased afterward, although the level of PPAR␥ expression on day 2 was lower than that in the later stages (Fig. 4B) . The rise in Sirt1-PPAR␥ interaction on day 2 was suppressed by PML shRNA (Fig. 4B) . The Sirt1 level was reported to be increased (55) during the early phase of 3T3-L1 adipogenesis. However, we found that Sirt1 levels did not change significantly either during adipogenesis or by PML shRNA.
To visualize the formation of the Sirt1-NCoR-SMRT-PPAR␥ complex on the ppar␥ promoter, we performed ChIP assays. As shown in Fig. 4C , left, recruitment of the Sirt1-NCoR-SMRT complex to the ppar␥ promoter was also highest on day 2 and declined afterward in control shRNA 3T3-L1 cells. As expected, PPAR␥ binding to the promoter increased during adipogenesis in control shRNA 3T3-L1 cells (Fig. 4C,  left) . In Fig. 4C , right, the increase in the recruitment of Sirt1-NCoR-SMRT on day 2 was inhibited by PML shRNA. Even on day 6, the recruitment of Sirt1 to the ppar␥ promoter was blocked by PML shRNA, but the recruitment of PPAR␥ was stimulated by PML shRNA (Fig. 4D, left) . The same pattern of recruitment also occurred on the aP2 promoter (Fig.  4D, right) . Expression of NCoR-SMRT did not change much over the course of adipogenesis (not shown). We were not able to visualize PML recruitment with the ChIP assay because the anti-(mouse) PML antibody that is currently available does not immunoprecipitate the mouse PML protein. Taken together, these results suggest that PML contributes to recruitment of the corepressor complex containing Sirt1-NCoR-SMRT to the ppar␥ promoter and PPAR␥-dependent promoters such as aP2 promoter during adipogenesis.
To understand how PML enhances the formation of the Sirt1-NCoR-SMRT-PPAR␥ complex, we examined whether PML interacts directly with either PPAR␥ or Sirt1 endogenously during the course of 3T3-L1 adipogenesis. We found that endogenous PML did not coimmunoprecipitate with PPAR␥ or Sirt1 during 3T3-L1 adipogenesis. However, exogenously expressed PML coimmunoprecipitated with endogenous Sirt1 or PPAR␥ upon overexpression of PPAR␥ in 293T cells (not shown). The failure to coimmunoprecipitate PML with Sirt1 or PPAR␥ without overexpression suggests that PML may regulate them without directly contacting them during adipogenesis. Because PML is required to form a macromolecular structure, PML NBs, it is possible that their recruitment into PML NBs, rather than a direct contact with PML, may regulate the activities of Sirt1 and PPAR␥, at least in part.
Although many studies have demonstrated a role of PML in many diverse pathways important for growth, apoptosis, and senescence, the metabolic functions of PML have not been examined until now. Our discovery that PML Ϫ/Ϫ mice are prone to accelerated fat accumulation in the presence of excess caloric intake reveals an entirely unanticipated role of PML in vivo. Although a number of questions regarding the function of PML in vivo remains to be further elucidated, our work provides insights and establishes a framework for future studies to better understand PML function.
DISCUSSION
Visceral fat is associated with an increased risk for metabolic syndrome, but subcutaneous fat has protective effects. Excess visceral fat content is more closely related to insulin resistance than total fat mass. In old age, fat is redistributed from subcutaneous to intra-abdominal visceral depots (17, 21, 78) . In this study, we have shown that PML-deficient mice gained body weight faster and had more fat mass in a dietinduced obesity model. Despite the weight gain, PML Ϫ/Ϫ mice did not have insulin resistance, glucose intolerance, or inflammation, which are normally associated with obesity. The fact that fat accumulation in PML Ϫ/Ϫ mice occurred largely in the subcutaneous fat depot (Fig. 1, C and D) may explain why PML Ϫ/Ϫ mice are relatively healthy. PML Ϫ/Ϫ mice, despite having more fat mass, had similar fat cell size, suggesting that PML deficiency increased fat mass by increasing fat cell number (i.e., adipogenesis). Using in vitro adipogenesis models, we discovered that PML, the expression of which decreased during adipogenesis, is a suppressor of adipogenesis and that PML deficiency enhanced adipogenesis.
Since PML deficiency increases PPAR␥ activity, it is not surprising that the changes in fat metabolism seen in PML Ϫ/Ϫ mice resemble those produced by treatment with PPAR␥ agonist thiazolidinediones (TZDs), which increases adipogenesis and reduces fat cell size (13, 19, 48) . TZDs also shift the distribution of fat from the visceral fat depot to the subcutaneous fat depot (2, 16, 46) . It is believed that these properties of TZDs contribute to the improvement of insulin sensitivity and reduction in glucose and lipid levels in humans and rodents (8, 50) .
If PML Ϫ/Ϫ mice have normal food intake but accumulate more fat, it is predicted that the metabolic rate of PML Ϫ/Ϫ mice is lower than that of PML ϩ/ϩ mice. However, we were not able to detect a lower metabolic rate in PML Ϫ/Ϫ mice with indirect calorimetry (Fig. S1D) . We believe this discrepancy is due to the inherent imprecision associated with indirect calorimetry. The weight gain of 10.1 g over 24 wk in male PML Ϫ/Ϫ mice and of 6.1 g over 20 wk in female PML Ϫ/Ϫ mice reflects a decrease in the energy expenditure of 0.54 and 0.39 kcal/day, respectively. Assuming the daily energy expenditure is 50 -60 KJ/day, as indicated in the study by Butler and Kozak (9) , these values, under similar caloric intake conditions, fall below the lower limit of the discriminatory capacity of indirect calorimetry (2.7-3.3% in females and 3.8 -4.5% in males), which is thought to be ϳ5% of the daily total energy expenditure. Therefore, although PML Ϫ/Ϫ mice may have a lower metabolic rate than PML ϩ/ϩ mice, we were not be able to detect it by using this method. In Fig. S1D (right) , we also normalized V O 2 measurement by the lean body mass, as suggested by Butler and Kozak (9) . It has been reported that adipose tissue contributes relatively little to the whole body energy expenditure compared with lean mass (9, 27, 32) . Whereas some studies suggested that energy expenditure may be normalized by lean body mass, other studies showed that normalization by lean body mass alone could be problematic as well (32) . In our case, PML Ϫ/Ϫ mice actually had higher, not lower, V O 2 than PML ϩ/ϩ mice when V O 2 was normalized to lean body mass (Fig. S1D, right) . In the studies reported by Butler and Kozak (9) , mouse obesity models carrying a mutation or a deletion in the leptin (Lep ob /Lep ob ) or melanocortin-4 receptor gene (Mc4r Ϫ/Ϫ ) also had substantially higher energy expenditure than control mice when energy expenditure was normalized to lean body mass, a conclusion that does not correlate with large fat mass gain in these mice. Future analyses that utilize a cohort size large enough for regression analysis would be helpful for precise assessment of energy expenditure in PML ϩ/ϩ and PML Ϫ/Ϫ mice. Obesity is a risk factor for a broad spectrum of cancers, including colorectal, pancreatic, postmenopausal breast, and endometrial cancers (34, 44) . PML loss has been also shown to increase colon cancer and prostate cancer incidence in mouse cancer models. The mechanism by which abdominal obesity may increase cancer risk includes the chronic inflammation (51) and insulin resistance seen in obesity (10) . Given that PML is a pleiotropic tumor suppressor and that PML loss is highly associated with tumor progression and metastatic status in human cancers (24) , PML deficiency and the resulting obesity may increase the risks for cancer. However, alternatively, by decreasing abdominal obesity and reducing obesityinduced inflammation, PML deficiency might provide some protection against certain types of cancers.
Fat-specific depletion of PML would provide a better understanding of the role of PML in adipogenesis and metabolic regulation in vivo. However, if PML is indeed not required for the maintenance of WAT, as suggested by the very low level expression in the fully differentiated adipocytes, fat-specific depletion of PML using differentiated markers such as aP2 to drive Cre expression would not provide information on the role of PML in vivo.
Our study indicates that deficiency of PML increases adipogenesis and fat accumulation without causing metabolic dysregulation. For unknown reasons, aging is associated with reduced subcutaneous fat depot but with increased abdominal fat depot. Although much more study is needed, it is possible to speculate that targeting PML-dependent pathways in subcutaneous preadipocytes may increase the subcutaneous fat depot and divert excess fat away from the abdominal depot, thus reducing the risk for diseases associated with abdominal obesity. One possibility is that, in old animals, adipogenesis in the subcutaneous depot may be decreased with increased function of PML in preadipocytes. PML deficiency may provide insights into therapeutic strategies for increasing adipogenesis without causing metabolic disease.
